The aim of this research was to develop operational strategies for integrating the operations between diamond interchange traffic signals and ramp metering signals. Integrated operational strategies were developed on the basis of the two commonly used diamond interchange phasing schemes: the basic three-phase scheme and the Texas Transportation Institute four-phase scheme. The key elements of the integration system and its operations include a proposed enhanced detection system and an operational algorithm. Through implementation of special signal timings at the diamond interchange, the traffic flows feeding the ramp meters can be effectively controlled and thus minimize ramp queues and the resulting need to flush the queues, which would possibly lead to freeway breakdown. The operational strategies were evaluated with VISSIM microscopic simulation under three general traffic demand scenarioslow, medium, and high-as characterized by the volume-to-capacity ratios at the metered ramps. The results of the evaluation indicated that the integrated operations were most effective under a medium traffic demand scenario in preventing or delaying the onset of ramp metering queue flush, thereby reducing freeway breakdown and system delays.
In U.S. urban transportation networks, the diamond interchange is one of the most commonly used interchange types (1, 2) . Diamond interchanges are often characterized by complex traffic flow patterns, especially with high turning traffic movements and limited spacing between the signals. To complicate matters, the majority of freeway ramp meters are located in the vicinity of diamond interchanges. The interactions between ramp metering queues and diamond interchange operations are often sources of operational bottlenecks and accidents for both surface street arterials and freeways.
One operational issue today is that the diamond interchange and ramp metering are operating as independent elements, primarily because of jurisdictional responsibilities in which the surface street arterial is managed by city or county agencies, whereas the freeway and ramp metering system is managed by the state department of transportation. Traffic engineers and planners typically do not consider coordinating the operations between these two elements, nor do they consider the potential benefits that can be derived from such coordination. As an example, ramp metering normally results in long queues on the ramp, and queue spillback to the diamond interchange can occur unless strategies are employed to manage the demand.
One common strategy to control queue spillback involves "flushing" the ramp queues by either increasing the metering rate or terminating metering operations (3, pp. 200-231) ; however, such an operation may cause the freeway to break down, a phenomenon indicated by a sudden drop in speed and perhaps in flow. A breakdown of the freeway results in longer vehicle delays and affects the efficiency of the entire system. Therefore, it is of significance to explore whether providing integrated operations between a diamond interchange traffic signal and ramp metering could eliminate the deficiencies of the current independent system operations.
The purpose of this study is to explore strategies for real-time applications to achieve integrated operations between the diamond interchange signals and the ramp metering signals. In the next section, a literature review is provided to document the state-of-art technologies in this area. The development process and the details of the operational strategies are then addressed, including the general philosophy for achieving integrated operations and the detailed strategies focusing on the two types of diamond signal phasing schemes. The effectiveness of the integration strategy is then evaluated by using VISSIM simulation under different traffic demand scenarios. Finally, major conclusions and recommendations are given about the research.
LITERATURE REVIEW
Although integration of the operations between diamond interchange traffic signals and ramp metering signals has been attracting significant interest in recent years, only a limited number of studies could be found to address this issue. In an earlier study by Tian et al. (4) , a theoretical modeling methodology was developed to provide system performance evaluations given a diamond interchange location. Although the study provides a useful tool for performing system analysis with consideration of the close interactions among diamond interchange, ramp metering, and freeway operations, no actual application in real-time signal control was addressed. In another study by Tian et al. (5) , integrated operations between freeway ramp metering and a diamond interchange signal were investigated by using simulation with a focus on incident conditions. The study did not address the potential control strategies at the diamond interchange signal as a means of controlling ramp metering queues and queue flush.
Head and Mirchandani (6) specifically looked at the coordination strategies between ramp metering and diamond interchange operations. Their study sought to develop a real-time adaptive control system that would achieve the coordination between ramp metering and diamond interchange operation. Their study focused more on the adaptive feature of the diamond interchange by developing detection and prediction algorithms. Consideration of ramp metering was limited to a fixed ramp metering rate, and the impact on freeway operations was not part of their study.
Pooran and Sumner (7) investigated integration and control strategies for operating freeway ramp metering systems and surface street arterial signal systems. Their study provided excellent views and strategic plans for achieving integrated operations between the two systems; however, the study did not specifically address the unique operations of a diamond interchange signal and how advanced control and operations might be implemented at the diamond interchange to minimize the impact of potential queue spillback and ramp metering queue flush.
Venglar and Urbanik (8) proposed a system architecture aimed at developing an adaptive control system for a diamond interchange, incorporating various technologies including video detection, a traffic simulator, fiber-optic lane assignment signing, and communications equipment. The system was intended to integrate various transportation modes and respond to various transportation needs. Ramp metering was not a component of the system.
DEVELOPMENT OF INTEGRATED OPERATIONAL STRATEGIES

System Elements and Operational Features
The scope of this study is limited to an isolated diamond interchange location with freeway segments and freeway on-and off-ramps. Major traffic facilities within the system include a signalized diamond interchange with two traffic signals controlled by a single traffic signal controller, a section of freeway mainlines, and two ramp metering signals.
Extensive literature could be found on how to manage the operations of the diamond interchange signals (9, 10) . Special signal phasing schemes have been developed for operating the diamond interchange signals, among which the basic three-phase scheme and the Texas Transportation Institute (TTI) four-phase scheme are commonly used in the field. The details of these two types of phasing schemes can be found in the cited literature. The three-phase scheme is specially designed for use where there is enough space between the two signals to store the arterial left-turn queues, and the TTI four-phase scheme is better suited where there is limited spacing between the two signals. These operational strategies typically ignore the constraints imposed by downstream facilities such as ramp metering.
Local fixed or traffic-responsive ramp metering strategy is common for an isolated ramp location. Local traffic-responsive ramp metering operation has the advantage of providing real-time control based on freeway traffic conditions. The most well-known traffic-responsive ramp metering algorithm is probably the ALINEA algorithm, proposed by Papageorgiou et al. (11) , which is given in the following equation:
where M r (t) = ramp metering rate during current time interval, t; M r (t − 1) = ramp metering rate during previous time interval, t − 1;
K R = constant, usually with a value of 70; π m = target occupancy, corresponding to maximum freeflow occupancy; and π(t) = measured occupancy during current time interval, t.
The ALINEA algorithm described in Equation 1 can smoothly react to traffic flow changes in the freeway mainline under both free-flow
and congested conditions. The occupancy is directly related to traffic conditions. When the measured occupancy, π(t), is less than the target occupancy, π m , a positive value results for the second term on the right-hand side of the equation. As a result, the metering rate will be increased to allow more vehicles to enter the freeway. Similarly, the metering rate will be reduced when the measured occupancy exceeds the target occupancy value. The ALINEA algorithm also has the advantage of easy field implementation and calibration because only two parameters, K R and π m , need to be calibrated. Studies have shown that ALINEA outperforms other local traffic-responsive ramp metering strategies and has been widely accepted in Europe (12) . Unlike other traffic facilities, freeways have a unique operational feature described as the two-capacity phenomenon, suggesting that freeway capacity has two distinctive regimes: the capacity value during free flow and the capacity value during congested flow measured at an active bottleneck location (13, 14 ) . An active bottleneck, as originally defined by Daganzo (15, , is a bottleneck that is not influenced by another bottleneck further downstream. The transition from the free-flow condition to the congested condition is often referred to as freeway breakdown, characterized by a sudden speed drop, an increase in density, and a drop in flow rate (16) .
Operational Objectives
One of the key elements for successful development and implementation of the integrated control strategy (ICS) is to achieve better management of the available resources within the system. ICS should be designed to respond to specific traffic conditions such as recurring and nonrecurring traffic congestion. ICS should be applicable in real-time operations, in which the data measured in real time could be effectively used. The key to a successful operational strategy relies on identifying all the critical elements and determining which elements can be managed and controlled.
Although effective traffic-responsive ramp metering operation is essential to reduce ramp queues, the best approach to controlling ramp queue spillback is through proactive signal control of the ramp-feeding traffic movements at the diamond interchange. Therefore, the best location for ramp demand control is at the diamond interchange.
Because the available queue storage space on both the frontage road and the arterial locations is limited, the goal of ICS is to maximize the use of this available queue storage space while at the same time limiting the number of times the ramp metering system has to flush excess demand. As a last resort (i.e., when all storage space is used up), the excessive queues and demand may eventually need to be released by terminating the ramp metering operation (i.e., flushing the ramp queue). If termination of the ramp metering operation is considered a failure event, ICS should delay its occurrence but may not be able to completely avoid it.
From the point of view of achieving system optimal operation and considering the operational trade-offs, ICS should be developed to achieve the following objectives:
4. To store excessive demand and queues in the most advantageous locations so that all the queue storage space can be efficiently used without interfering with freeway mainline and adjacent arterial signal operations.
System Requirements and Design
In order to achieve the foregoing objectives, the diamond interchange signal must be able to sense any ramp queue buildup and respond with adequate signal control, which would require the diamond signals to have some adaptive control features. Therefore, additional detection, communication, and signal control devices may be necessary. The proposed system design and operations as described next could be implemented on the basis of the existing functions and features of most advanced traffic signal controllers. Figure 1 is a proposed detection design in which the required additional detectors are shown. These detectors need to be installed in addition to the detectors used for a standard diamond interchange control system and a traffic-responsive ramp metering system (standard control detectors are not shown).
There are two types of queue detectors on each external approach to the diamond interchange: the boundary queue detectors and the intermediate queue detectors. The boundary queue detectors set limits of allowable queue spillback at a particular location. Queues that spill back beyond these boundaries should be avoided because of interference with other traffic facilities, such as the adjacent traffic signals in the arterial or the freeway mainlines. Selection of these boundary detector locations should be based on analyses of site-specific characteristics. The intermediate queue detectors sense the potential queue buildup that results from the special signal operations during ICS implementation, and they would serve the purpose of adjusting the phase splits to achieve balanced use of available queue storage space. The queue spillback-interface detectors on the frontage roads downstream of the diamond interchange signals serve the purpose of detecting ramp queue buildups and act as an interface between the ramp metering system and the diamond interchange system. Traffic flow data such as occupancy and volume could be measured by using the queue spillback-interface detectors and would serve as the outputs from the diamond interchange and the inputs for the ramp metering.
Concept of Operations for ICS
A brief description of the basic concept of ICS operations is as follows. The diamond interchange signal would remain in normal operation as long as none of the boundary queue detectors (i.e., arterial detectors, off-ramp detectors, and spillback-interface detectors) detected traffic queues. However, some minor adjustments in the phase splits (e.g., up to 10% of the cycle length) could be made on the basis of the queue conditions at the intermediate queue detectors. The existence of a traffic queue is typically determined on the basis of a specified occupancy level from the detectors. The occupancy of a queue detector is usually sampled over specified time intervals (e.g., 20 s). A traffic queue is defined when the sampled occupancy exceeds a predefined threshold value (e.g., 60%). Whenever a ramp queue is detected by the queue spillback detector, the diamond signal quickly transitions to a candidate signal phase (specific to the type of phasing and queue conditions) and holds that phase (i.e., keeps the phase in the green). By holding a particular phase or phases, the signal controls further vehicle entry to the ramp, and queue spillback to the diamond interchange signal is prevented. The diamond signal returns to normal operation once the ramp queue is dissipated. The location of the queue spillback detector should be some distance away from the diamond signal to avoid occurrence of queue spillback during the transition period between normal diamond signal operations and the special integrated control operations. The signal phase or phases to hold should be the ones that would restrict further release of vehicles from those traffic movements feeding the ramp (e.g., the through movement on the frontage road approach and the left-turn movement on the internal arterial street approach) and depend on the type of phasing scheme (i.e., basic three-phase or TTI four-phase) used at the diamond signal. After the phase hold, the green splits may be lengthened for a particular phase to facilitate clearing excessive queues that resulted from the phase hold. The control strategies should facilitate efficient use of the available queue storage space on the external diamond interchange approaches. Ramp metering would remain in operation until all the queue storage space is filled up.
In this study, ICS was developed on the basis of two common diamond phasing schemes: basic three-phase and TTI four-phase. Because it is uncommon to use two types of phasing schemes at the same diamond interchange location during different time periods of the day, ICS does not switch between these two phasing schemes during the operations. One reason for not switching between phasing schemes is the special lane configuration for the internal movements. With the four-phase scheme, a shared left and through lane may be used for the internal movements. With the three-phase scheme, however, the left-turn lanes need to be exclusive lanes. Unless a dynamic lane assignment strategy is implemented, switching between three-phase and four-phase schemes may not be a workable option. The following discussion specifically addresses the conditions and the candidate holding phases with three-phase and four-phase strategies.
Strategies with Three-Phase Scheme Figure 2 illustrates the conditions and the proposed holding phases with three-phase operations. Figure 2a shows the holding phases as the internal left-turn phases (φ1 and φ5). By holding these phases (i.e., keeping them green), the other phases that contribute vehicle entry will be in the red and no further vehicles can enter the metered ramps (except for uncontrolled arterial right-turn and the free U-turn traffic in typical Texas diamonds). Holding the internal left-turn phases would provide equal treatment to the two metered ramps; therefore, it would be suitable when the two ramps have similar traffic condi- tions. The disadvantage of holding the internal phases is that the arterial through traffic would be stopped and unnecessary traffic delay would occur. Figure 2b shows the holding phases as the arterial through phases (φ2 and φ6). Although control of vehicle entry to the ramps would also be achieved by holding these phases, the internal left-turn lanes can potentially spill back and lock up the diamond interchange. The advantage of holding the arterial through phases is to allow arterial through traffic to go through the interchange so that unnecessary delays to these vehicles can be avoided.
The algorithm for selecting which phase to hold under the threephase timing scheme is shown in Figure 3 . As long as no queues are detected by any of the spillback queue detectors, the diamond interchange receives normal splits. It is only when ICS detects a queue over one of the system detectors that the signal timing is affected. If the system detects that the ramp meter is not in immediate danger of becoming oversaturated (i.e., no queues are detected at the ramp R1 or R2 detectors) but queues are present at the intermediate queue detectors (Art RT M, Art LT M, or OffR M), ICS causes the controller to adjust its phase splits in an attempt to provide additional capacity to those movements experiencing difficulties.
For example, if a queue is detected at the intermediate queue detector on the right-side arterial approach (Art RT M), the splits for the movements coming from the right side of the diamond (φ6 and φ1) are increased by a fixed, user-defined increment (a value of 10% of the cycle was used in this evaluation). Likewise, if a queue is detected on the intermediate queue detector on the left-side approach (Art LT M), ICS increases the splits for the movements coming from the left side of the diamond (φ2 and φ5) and reduces the splits for the frontage road phases (φ4 and φ8). In both of these situations, the frontage road phases (φ4 and φ8) are reduced by the same time increment in order to keep the same cycle length. If ICS detects that a queue is threatening to interfere with the operations of the off-ramp (through the OffR M), the system increases the splits for the frontage road approaches (φ4 and φ8) and decreases the arterial main street phases (φ2 and φ6). ICS continues to monitor operations at the diamond interchange and returns to their normal splits if the queues no longer exist at any of the intermediate detectors. However, if the queues continue to grow until any of the boundary detectors identifies a queue, the ramp metering operation is suspended and the ramp queue is flushed.
When queues are detected on either metered ramp (i.e., the R1 or R2 detectors), the diamond signal holds particular phases, either internal left-turn phases (φ1 and φ5) or the main street, arterial through phases (φ2 and φ6), depending on the intermediate queue conditions on the arterial street. For example, if queues are detected by the intermediate queue detectors on the arterial approaches, the diamond controller holds the main street, arterial through phases (φ2 and φ6); otherwise, the controller holds the left-turn phases (φ1 and φ5). Figure 4 shows the conditions and the proposed holding phases when diamond signals operate with the four-phase scheme, showing the holding phases, either the right-side frontage road phase (φ8) or the arterial through phase through the left side of the interchange (φ2) to control vehicle entry to the left-side ramp (R1). Similarly, the leftside frontage road phase (φ4) and the arterial through phases through the right intersection (φ6) are the holding phases if vehicle entry to the right-side ramp (R2) needs to be controlled. The strategies illustrated in Figure 4 would only achieve control of vehicle entry to one of the ramps at a time. Under special circumstances, the holding phases can be the internal left-turn phases (φ1 and φ5) if vehicle entry to both ramps needs to be controlled. This control is achieved through the use of dummy phases for the internal movements to cross the controller barriers under four-phase operation. For example, the Eagle EPAC300 controller defines a dummy φ9 for the left-side internal movement phase, which is on the same side of the barrier as the arterial phase (φ2) and the frontage road phase (φ4). The control algorithm incorporating these phase-holding strategies under four-phase operation is shown in Figure 5 . 
Strategies with Four-Phase Scheme
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EVALUATION RESULTS
The proposed ICS was evaluated on the basis of a generic diamond interchange configuration by using the VISSIM simulation model. The control algorithms for ICS were implemented with vehicle-actuated programming (VAP) in the VISSIM model. VAP is a user programming tool for providing real-time signal control in the VISSIM simulation environment. The evaluation was conducted under three generally defined traffic demand scenarios as characterized by the ramp conditions: low, medium, and high. These general traffic demand scenarios are qualitatively described in Table 1, and Table 2 provides more specific information about each scenario in terms of the volume-tocapacity (v/c) ratios and the percentage of cycles in which demand exceeds the ramp metering capacity. In Case III, the high demand scenario, there are two subcases, A and B. Case IIIB represents a condition in which both ramps are saturated. The freeway peak direction demand is just below the capacity level; therefore, free-flow conditions would typically be maintained as long as normal ramp metering operation is maintained. The off-peak direction demand is well below its capacity level, and breakdown rarely occurs even with queue flush at the ramp meter. It should be noted that overcapacity during a particular cycle does not necessarily result in queue spillback to the diamond interchange because the queue storage space between the ramp meter and the diamond interchange provides a buffer to temporarily hold the vehicle queues.
The operations of the system were evaluated with VISSIM under the traffic demand scenarios just described both with and without ICS. The ALINEA traffic-responsive ramp metering algorithm was used for ramp metering because of its operational features, as discussed previously. For the cases without integrated operations, queue flush would occur when the spillback-interface detector identifies a queue. Each simulation run lasted about 2.5 h with a 10-min system warm-up time and a 20-min system clearance time. The system performance measures were only reported after the warm-up time. Ten multiple simulation runs were conducted with different random seeds under each traffic demand scenario.
Two major performance measures were used for the evaluation: vehicle delay and the percentage of time that the ramp meter was in queue flush mode (metering off). The performance measure of queue flush time has been used in practice to indicate the quality of ramp metering operations. Because ramp queue flush is one of the primary causes of freeway breakdown, the percentage of time that the meter was operating in the flush mode is considered a good indicator for evaluating the effectiveness of ICS. Figure 7 shows the results of percent queue flush time for the peak direction ramp (Ramp 1) and the off-peak direction ramp (Ramp 2), respectively. The statistical t-tests indicated that the queue flush times for Ramp 1 were all significantly reduced with integrated operations (3PY = three-phase with ICS; 4PY = four-phase with ICS). For Ramp 2, a significant amount of queue flush time only occurred under the High-B demand scenario (Case IIIB), because this is the only 
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Hold φ8 Demand is less than capacity but does experience short-term overcapacity (e.g., several cycles).
Demand is slightly over the ramp's capacity and experiences relatively longer periods of overcapacity.
Demand exceeds capacity by a significant margin and the ramp experiences overcapacity during most of the analysis period.
Demand is less than capacity with no experience of short-term overcapacity.
Demand is less than the ramp's capacity and may experience short-term overcapacity.
Demand is near or above capacity and the ramp experiences a longer period of overcapacity.
scenario in which Ramp 2 involved saturation. However, no significant difference was found with or without integrated operations. Figure 8a illustrates the delay results for the peak direction freeway mainline under different traffic demand scenarios. The off-peak direction delays showed little difference because the freeway was operating under free-flow conditions during the entire simulation period for all the traffic scenarios. In general, ICS resulted in significant delay savings for the freeway mainline traffic. The most significant delay savings can be seen for the medium demand and High-A (Case IIIA) demand scenarios. These delay savings were due to a significant reduction in the number of times the ramp queue was flushed. Under the low demand scenario, the delay savings with ICS was not significant because the number of times the ramp queue was flushed was minimal and the freeway hardly ever broke down even without ICS. For the High-B scenario, a higher number of queue flushes occurred with ICS than without ICS. This finding was attributed to the fact that Ramp 2 was oversaturated. As a result, the freeway mainline experienced increased delays in the High-B scenario compared with the High-A scenario for the case with ICS. Figure 8b illustrates the systemwide delays under different traffic demand scenarios. The systemwide delay is the weighted average of all the traffic in the system, including both freeway mainline traffic and surface street traffic. As can be seen, ICS resulted in lower system delays only under the medium demand scenario, although the differences are not significant. Under both the High-A and High-B scenarios, the system delays were actually increased with ICS, especially for the High-B scenario. The increase in system delays reflected the situations in which the surface street traffic experienced significant delay increases due to ICS. The delay increases for the surface traffic outweighed the delay savings in the freeway mainline. Under the low demand scenario, the systemwide delays are basically the same with and without ICS. In general, no significant difference was found between three-and four-phase operations.
MAJOR FINDINGS AND CONCLUSIONS
Various ICSs were developed on the basis of the two common diamond phasing schemes for the purpose of achieving integrated operations between diamond interchange signals and ramp metering signals.
The objectives of ICS were to achieve improved system performance measures. The ICS addressed in this research was considered a first step to further explore a truly intelligent integrated system. Evaluations of ICS were carried out by using VISSIM with one generic interchange location and three generic traffic demand scenarios. Major findings and conclusions of this research are summarized as follows:
• ICS proved to be effective only within a specified traffic demand level, the medium level as defined in this study. Under the low demand scenario, in which both the freeway mainlines and the ramps have sufficient capacity, implementing ICS did not result in a significant difference in system performance. When the traffic demand was high for both the freeway mainlines and the ramps, ICS provided only marginal benefits for the freeway mainline operations by delaying the onset of flushing operations at the ramp meter. Once the traffic queues on the surface street exceed boundary limits and ramp queue flush starts, the delay savings for freeway traffic will be significantly dimin- ished. The nonfreeway traffic would experience excessive delays and queues, which would normally outweigh the delay savings for freeway traffic.
• The proposed ICS associated with the three-phase and fourphase diamond phasing schemes yielded similar system performance measures although individual surface street traffic movements may experience different levels of delay.
• The system requirements for implementing the proposed ICS would include an enhanced detection system; however, most of the operational features of ICS could be implemented on the basis of the existing technologies of most advanced traffic controllers.
Several areas are identified for further research:
• The preliminary findings from this study were based on one generic diamond interchange location. As a result, further validation of the research findings is necessary based on a broader range of network configuration and traffic flow scenarios.
• Field implementation and testing of the proposed ICS are necessary steps to evaluate its viability and effectiveness in managing the operations of a truly integrated system in real time. More sophisticated control algorithms could be developed with the advance of detection, communications, and information technologies by which more accurate traffic flow and system status data could be obtained in real time.
